ABSTRACT. In the present study, integrated models have been developed to find out the most appropriate cost of municipal solid waste (MSW) disposal using two potential and widely used methodologies, viz. landfill system with gas recovery (LFSGR) and aerobic composting (AC). Objective functions with important costs and benefits including externalities were developed to find out the net unit cost of disposal. Multivariate functional models have been developed for each activity of the objective functions. These integrated techno-economic models can be used not only to determine the most appropriate cost of waste disposal, but also to explain the interparametric linkages and even to compare the potentiality and suitability of a particular methodology for a set of conditions. This can give valuable information that can enhance environmental management leading to sustainable development.
Introduction
Economic, as well as social development has strong links with the environment and with sustainability. Without proper planning, design, and management, development activities result in considerable generation of waste and other environmentally objectionable materials. Solid waste is one outcome of human development activities. For example, municipal solid waste (MSW) generation, which is non-point source in nature, has increased substantially in association with a growing population. In spite of considerable financial as well as human resources allocation, the waste management problem in India and many other developing countries continues to grow. This could be due to coordination failures between various functionally interlinked departments and/or due to failures in implementation. In addition, inefficient manpower, poor/no segregation of waste at source, and improper valuation of the system will add to the poor functioning of this most important civic system. Improper planning and selection of disposal methods further complicates MSW management.
Economic and social development has also resulted in noticeable depletion of conventional energy resources. Given the existing stock of limited resources and ever-rising energy demands, it is essential that renewable energy resources are developed to safe guard against depletion of natural resources. As Indian MSW is very rich in organic matter, has a high moisture content and is abundant, there is considerable scope for its utilization in energy generation. MSW can be handled properly only when it is treated as a valuable resource rather than as waste (Misra, 1993) . Waste management problems therefore have to be solved in integration with energy generation to achieve sustainability (DOE/EIA, 1999) .
In India, two methods of waste disposal have recently become very prominent -landfilling (LF) and aerobic composting (AC) (CPCB, 1995; CPCB, 1997) . Aerobic composting is practiced on a small scale, handling organic waste and resulting in compost, which can have several different uses. In contrast, landfill is often treated as a final disposal method. Landfill sites must be designed carefully, depending on the kind of waste reaching them. In light of the fact that landfill gas (LFG) emissions act as green house gases, collection and flaring of LFG has been made mandatory around the world. However, in India properly designed landfill sites do not exist. Given that the newly developed MSW Management Rules (2000) make landfill mandatory for all Indian municipalities, the present author, along with Parikh (Sudhakar and Parikh, 2001 ) proposed a new methodology called landfill system with gas recovery (LFSGR). LFSGR is a partially engineered landfill with a gas collection system targeted at enhanced methane generation. The US experiences of gas collection, along with a methodological approach to enhanced bio-methanation, was adopted in the process. An economic feasibility study of this newly proposed system for India was subsequently carried out by the author (Sudhakar and Parikh, 2000) . As Indian civic authorities are now bound to adopting newly designed landfills, the proposed modified design of landfill for energy generation will complement the non-conventional energy generation programme.
Given that, under some circumstances, economics of scale play a predominant role, it is essential to evaluate available alternatives with all possible environmental and energy externalities and choose a method which gives an optimum solution for the prevailing conditions. As the conclusion from a case-specific study may only satisfy a set of conditions, generalized models need to be developed based on theoretical considerations, which can result in a technically and economically optimum solution for any set of prevailing conditions. These will help in improving waste management and will also supplement the depleting renewable energy sources.
In the present paper, attempts are made to develop integrated waste management models for both of these potential waste management methodologies and comparative analysis are carried out by means of simulation studies on their adaptability under various conditions and subsequently the parametric interlinkages.
2. Objectives of the study 1. Development of multivariate functional models for the two selected methodologies of waste management, viz. LFSGR and AC to estimate the most appropriate cost of disposal (MAC) and also to establish parametric interlinkages for these two methodologies. 2. Comparative analysis and evaluation of adaptability of the developed models over a range of parametric variations.
Model development
Under the conventional system of waste management, which is mostly driven by formal sector of management, an option does not exist for the segregation of waste into reusable/recyclable materials. A fraction of reusable material is currently picked up by rag pickers, and in a few cities the informal sector conducts door-to-door collection of waste but this constitutes a very small fraction. Some rag pickers undertake door-to-door collection of recyclable materials like paper and bottles, while others collect the same from waste bins, collection centers, and dumpsites. To achieve the proposed methodology for improved waste management, a flow chart showing various stages of waste management has been developed and is shown in figure 1. The following assumptions are made and these are common to both disposal options.
1. Waste is segregated into compostable and reusable/recyclable material at source (the extra infrastructure costs are considered, but not the costs involved in persuading the public in doing so) 2. The extra waste bins provided are not lost 3. Institutional arrangements are made for the utilization of energy generated out of waste -methane gas and manure in case of LFSGR and compost in case of AC Any further assumptions required for individual process are mentioned as and when required. Waste management with LFSGR and AC was attempted separately in the development of the model. The objective functions -economical, environmental, and social -which result in key indicators for effective waste management, have been developed for unit cost of disposal by taking all possible costs and benefits into consideration.
Management of MSW with landfill system with gas recovery option (LFSGR)
The potential for landfill with a gas recovery option in handling MSW as well as for energy generation has been proved on many occasions (Lumby, 1996; Sudhakar, 2000; Sudhakar and Parikh, 2001) . LFSGR is a lined and designed landfill with an engineered system for the collection of landfill gas. The depth and size of each cell of the landfill is based on the quantity of waste reaching landfill. The number of cells depends on the quantity of waste and also on the life of cell. As the waste arriving at the site is assumed to be segregated into 'degradable' and 'non-degradable' and working under the assumption that the major fraction of landfilled waste is degradable, the life of each cell was taken based on each cell being a moderately engineered anaerobic cell. Complete details of LFSGR and its design are published elsewhere (Sudhakar and Parikh, 2001) . MSW management with LFSGR involves the following activities (figure 1): 
In the above expression, each parameter represents a particular activity of the entire process. Parameters 'h' and 'l' are discrete in nature. In the following sections multivariate functional models (MFM) have been developed for all process steps involved in this method as described above. Formulation of these MFMs was undertaken based on theoretic considerations.
Costs involved
Collection of waste Assuming that the waste management system is already in place, capital cost of the equipment was not considered. Only operational and instant expenses were accounted under the heading 'miscellaneous'. Development of infrastructure for the segregation of waste at source Assuming that there are sufficient currently available staff to handle segregated waste, the extra cost involved in this activity would be in providing the extra bins for efficient and segregated collection of waste. Costs involved in creating awareness among the public are not considered. Extra bins will be provided on streets for segregation of waste. The following assumptions have been made for the above process:
• Waste is segregated at source and collected in separate bins/bags • External costs involved in segregation of waste at source are ignored (like opportunity cost, efforts put in by the public, and costs involved in creating awareness, etc.) • Waste reaching ward collection center (WCC) is transported to the transfer stations (TS) and from TS to LF without delay (direct shipment for disposal) • Reusable material coming to WCC is delivered to the wholesalers directly • Waste generation is uniform in all wards • Bins are placed in elevated places to avoid water stagnation and disturbance due to stray animals (to make them functionally more efficient)
The number of bins required for segregated waste collection can be calculated as follows:
Number of wards in the municipality n 
It is assumed that similar trucks are used in the entire municipality and that these are of uniform capacity. As all municipalities possess formal systems for waste transport, the initial capital expenses in this category are not considered.
Let:
Length of travel per truck per year L an-km Cost of travel per truck per ton in a year c tr/t/yr (a function of L an-km ) Number of trucks required
Landfilling Landfilling is an age-old practice of disposing of 'waste' or 'hazardous material' (Peavy and Rowe, 1989) . In the present study, landfill is treated as a reactor for enhanced generation of methane gas. However, the degree of control over the process is much less than in a conventional anaerobic reactor. The installation and maintenance costs involved in preparation of a landfill site for use as a reactor in order to harvest methane are considered in the general model. It is assumed that the infrastructure required to utilize the harvested methane would be provided by the government in collaboration with the other organizations involved and with industrial organizations. For optimum implementation of LFSGR, it is essential to adopt an integrated approach towards the development of 'industrial ecology' in which the energy generated from LF can be used effectively.
In the present study, activities, viz. land requirements for waste disposal, methane generation potential of the landfill, methane recovery and usage, and reuse of landfill site, are considered under 'landfilling' part of the whole process. Earth, 2000) . They are often shallow in depth, poorly damped, and filled to uneven depths without any intermediate or final cover. This leads to the escape of gases generated in the landfill through transverse and lateral leakages (Mosher et al., 1999) . These conditions not only lead to poor, dangerous, and unhygienic conditions around the landfill sites, but also add to global environmental problems such as climate change by contributing methane and other toxic gases into the atmosphere. They also undermine the possibility for energy generation from landfill. In the proposed system of landfilling with gas recovery option, landfill sites have to be prepared well before dumping waste. The inside of the landfill has to be lined to avoid any leakage of leachate and of the landfill gas. A leachate and gas collection system needs to be installed. Filling of the site must be systematic, layer by layer, with a daily cover over each layer (Peavy and Rowe, 1989) . Required levels of damping must be carried out to avoid entrapment of air inside the landfill. Finally a top cover has to be provided once the landfill is full (Johennessen, 1999) . The gas collection system has to be installed during the process of filling. Given the set of conditions for LFSGR, life of landfills can be taken as four years, inclusive of the mining period. In the fifth year the site (cell) will then, again be available for dumping. In India, there are currently no landfills with a gas recovery option except a very few experimental units (Bhide, 1994) . As a result the
costs involved in preparation of landfill and installation of the leachate and gas collection systems were taken from the US or other developed country landfills and scaled down to Indian prices (LMOP, 1996; EIIP, 1999 
Parameter 'i' would take a range of values from lowest to the highest estimate
Methane generation and utilization
In order for the proposed system to achieve its aims, the following assumptions are made:
• Efforts to make the necessary infrastructures for methane utilization are made by the government and other related bodies.
• Segregation of waste results in improved inputs to the landfill which generates methane at enhanced rates.
• Technology for methane harvest and landfill preparation is available from the national waste management bodies and is supplied to the local bodies as necessary. Reuse of landfill site Gas collection efficiency from landfill sites can be as low as 60 per cent (Bhide, 1994) . However, in the present study it is assumed that an improved system of gas collection is installed and a collection efficiency of 80-90 per cent, based on the experimental study conducted by Bhide (1994) , was therefore used. Life of landfill was fixed at three years (excluding the mining period). After recovery of methane, the landfill settles considerably (Johennessen, 1999; Peavy and Rowe, 1989) and as segregation at source is assumed, 80-90 per cent of the settled landfill can subsequently be mined and used for a variety of purposes from manure in agriculture and gardening to use as a covering material in landfill. The process of a reclaiming landfill site is therefore formulated as follows. As for the case of LFSGR, multivariate functional models were developed for each individual step involved. As the annual waste generation considered is the same for both methodologies, so too are the costs and benefits. Therefore, in the following section that focuses on model development for AC, only those activities, which are different from LFSGR are covered. Unit cost of waste disposal per ton per yr can be determined as follows
The individual activities involved in the process of MSW management with aerobic composting are considered separately and models have been developed to estimate their respective values.
Costs involved Land cost
Let: 
Land requirement
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Simulation studies
The objective of this study has been restricted to the development of multivariate functional models for two potential waste management methodologies. These models are aimed at establishing the relationships between the various influencing parameters involved in the respective methodologies. In the present study, optimization of the objective function, which could be achieved by endogenizing certain parameters, was not exercised. The parametric inter-linkages developed here can provide inputs for optimization of the objective function, which could be examined separately.
In this section of the study, the influence of individual parameters on unit disposal costs was analysed, with all other parameters held constant. The objective function was tested for its sensitivity against parametric fluctuations. This was carried out for all independent variables of the objective function viz. rent on land, organic content of MSW, installation and operating costs, and transportation, at certain pre-identified ranges of values in order to identify the narrow range of variables where these models show optimality. These established ranges of values could help in choosing an adaptable waste management methodology for any city for the prevailing conditions.
Figures 3-6 present the variation in unit cost of disposal with a change in waste generation rate for different rates of rent on a landfill site, organic content of MSW, installation, operation, and transportation costs, respectively. Based on real estate values in Mumbai over the last 30 years, the variation in rent applied was in the range of Rs.5 to Rs.60 per sq. ft per month. When all other parameters were unchanged, the change in rent showed significant variations in the unit cost of disposal. Variation in unit cost of disposal against waste generation was found to be insignificant over a waste generation rate of 1,000 t/d. Landfill sites have a minimum land requirement for their construction and methane generation. If the quantity of waste reaching landfill is less than that of the actual capacity, the landfill will become uneconomical. As waste dumping increases, the ratio of landfill area to waste dumped reduces, making landfills much cheaper. At a given waste generation, the variation in disposal cost is as high as Rs.1,100 per ton for a range of values on rent. At a particular waste generation rate (say 1,000 t/d), change in rent showed greater significance on unit cost with variation as high as 600 per cent. Rent for a landfill site therefore showed a significant impact on unit cost of disposal at any rate of waste generation.
In contrast, organic content of MSW showed significant variation in unit cost of disposal with variation in waste generation. At any given organic content of MSW, unit cost of disposal showed a variation of 100 per cent with increasing waste generation rates. This trend was observed up to 2,000 t/d after which the slope becomes very gentle. Unless waste dumping reaches the minimum required level, organic content of MSW may not show considerable influence on unit cost of disposal. Economy of scale was found to have a significant role. A significant change in unit cost was not found with change in organic content at any particular rate of waste generation. In the case of LFSGR, waste generation is therefore the deciding parameter for disposal costs irrespective of the organic content of the waste. Here, it should be noted that segregation of waste is assumed as a prerequisite for this new methodology of LFSGR. Methane generation rates were therefore considered at better organic content in the formulation of the model. As a follow up to this study, much more robust models can be attempted by considering the effects of unsegregated waste collection.
Variations in installation and operation (I&O) costs of LFSGR showed a significant influence on unit cost of disposal (figure 4). A very high variation of Rs.2,500 per ton of waste disposal was found for lower waste generation rates. The influence of I&O costs on unit cost of disposal was found to be significant at lower waste generation rates. However, when the waste generation rate crossed 2,000 t/d, changes in the unit cost of disposal were found to be insignificant. Minimum investment is required for a gas recovery system for a minimum design capacity of landfill. As the quantity of waste reaching landfill increases, the unit cost of disposal reduces. As waste dumping increases, installation costs become proportionally less, keeping the unit cost of disposal low. As a result, at higher waste generation rates, even if the installation costs are high, it is still cheaper to dispose off waste using this method, as shown in figure 5 . The variation in unit cost with waste generation rate at different transportation costs is shown in figure 6 . A change in waste generation showed some influence Unit cost of disposal (Rs.) 300 500 700 900 1,500 2,500 3,500 5,000 7,000 9,000
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Figure 5. Variation of unit cost with waste generation at different installation and operation expenses (unit for I&O: million Rs./yr)
on unit cost of disposal at waste generation rates below 2,000 t/d. However, at any particular waste generation rate, the variation in cost of disposal with change in transportation cost was not found to be significant. From the above, it is possible to conclude that when waste generation exceeds 1,000-2,000 t/d, the unit cost of disposal does not show much variation with respect to the different parameters under consideration. Landfill system with gas recovery could therefore be useful when waste generation is higher than 2,000 t/d. Keeping 2,000 t/d as the optimum level of waste generation for LFSGR, it is then possible to analyse the influence of other parameters, viz. rent on landfill site, organic content, I&O costs, and transportation. This is done in the following section.
Similar analyses were carried out for aerobic composting. The respective profiles are shown in figures 1A-4A in the appendix. It was found that, as for LFSGR, the independent variables behaved in a similar way. However, there were some difference in magnitudes. It was found that, in order for AS to be economical, the optimum range of waste generation shifted towards the origin. This shows that the aerobic composting may be economical at lower levels of waste generation than at higher levels. Most of the parameters showed an insignificant impact on unit cost of disposal above waste generation levels of 500-1,000 t/d. Unlike LFSGR, AC does not involve high capital investment in things such as gas and leachate collection systems. Because of this, the minimum quantity of waste that must be dumped in order for it to be economical can be much less than for LFSGR. This could be the reason for the lower limits on waste generation required to achieve the optimum in case of AC. Hence, for aerobic composting, 1,000 t/d was chosen as the optimum waste generation required to undertake the sensitivity analysis for all other parameters.
Comparative analysis
In this section, comparative analysis was carried out between LFSGR and AC at their respective optimum waste generation rates (LFSGR -2,000 t/d; AC -1,000 t/d). Rent on land and organic content of MSW were found to play significant roles in the case of LFSGR. Because of this, variation of unit cost of disposal was plotted against the independent variables by fixing the waste generation rate at 2,000 t/d and 1,000 t/d respectively for LFSGR and AC (figures 7-10). With a change in rent from Rs.5 to Rs.60 per ft 2 per month, unit cost of disposal by LFSGR increased by about 550 per cent. In contrast, a change in organic content from 20 to 80 per cent did not show as much significance with a change of only 15 per cent.
I&O costs in a range of 10-100 units showed an increase of 120 per cent in unit disposal costs. Change in transportation costs (10-150 units) also showed slight change in unit cost of disposal (20 per cent rise). As the rent involved is of high value, unit cost of disposal shows greater sensitivity for rent on landfill site. As explained earlier, segregation at source has been assumed, thus improving the organic content. As a result, the influence of organic content on unit cost of disposal was not very significant. As the transport system is considered in its current state, high capital costs are avoided. This could make the unit cost of disposal less sensitive to transportation costs. It is therefore clear that, at any given waste generation rate, the LFSGR method of disposal is sensitive to rent on landfill site, whereas the other parameters are less sensitive.
In the case of aerobic composting, the parametric interlinkage showed similar trends to that of LFSGR, except in the case of organic content. As mentioned in the earlier section, optimum waste handling levels for AC are generally much lower than for LFSGR. Further in the comparative analysis it was observed that even at the respective optimum levels of waste handling, LFSGR showed lower unit cost of disposal than that of AC. This holds good for all independent parameters over their range of values. Levels of organic content did not have much influence on unit cost of disposal using AC. In contrast, LFSGR showed an improved (decreasing) unit cost of disposal with increasing organic content of MSW. This could be because in the case of aerobic composting (AC), only the quantity of compost generation is considered, and not the quality. Quality was not considered because compost generated from AC of MSW is used as secondary manure as it is less acceptable in the market. Tables 1 and 2 present the unit cost of disposal for LFSGR and AC at their optimal waste generation levels against variations in independent variables, viz. rent on land, organic content, transport, and I&O. As it can be observed, unit cost of disposal under AC for all variables is higher than that of LFSGR. From the above results it can be concluded that LFSGR could be more economical than AC not only for higher waste generation rates but also for wastes with higher organic content. Thus, in Indian metro cities, whose waste generation is consistently over 1,000 t/d, LFSGR would prove a better option than AC in terms of both waste management and energy generation. When waste generation or handling is at lower levels (in the range of 500-1,000 t/d), AC may be the better option.
Figures 7-10 show the sensitivity of the function between unit cost of disposal and different independent variables. Various models were fitted to the data points and the polynomials were found to be the best fits. The Environment and Development Economics 671 polynomial prediction equations for both LFSGR and LF were presented in graphs with respective correlation coefficients. As shown in figure 7, both LFSGR and AC showed considerable change in unit cost against varying rent. Though both methods responded to rent on the landfill site, LFSGR showed 40 per cent lower unit cost of disposal compared to that of AC. This could be due to the fact that the ratio between land requirement and revenue generation is lower for LFSGR than for AC. At higher rents, there is a slight fall in the difference between these methods.
Organic content of MSW has a significant effect on selection of disposal method. As explained in figure 8, in the case of LFSGR, the unit cost of disposal at a particular waste generation rate decreased with increasing organic content. In contrast, in the case of AC, the unit cost of disposal 672 Sudhakar Yedla Figure 7 . Variation of unit cost of disposal with change in rent remained almost constant with increasing organic content. This shows the sensitivity of the method of disposal in relation to organic content. LFSGR shows greater sensitivity to organic content compared to AC. This could be because only quantity of manure was considered in the model formulation and not quality. Quality of manure would have a function with the organic content, which in turn would have an impact on unit cost of disposal. However, given the poor acceptance by the market of the manure and given various bottlenecks in its marketing process, the quality aspect was not considered in the present study. In case of LFSGR, there is a drastic fall in unit cost of disposal with increasing organic content. This could be because the unit cost remains high unless the organic content levels reach an optimum value for methane generation. Once that threshold limit is reached, methane generation would result in a considerable fall in the unit cost of disposal. Thus, when the organic content is high, as in the case of Indian MSW, LFSGR would give better waste management. When transportation costs are considered, a change in unit cost of disposal over a range of travel costs were not very significant, both in the case of LFSGR and AC. However, the difference in unit cost of disposal between LFSGR and AC was found to be around 20 per cent (figure 9). Installation and operation costs followed a similar trend as for transportation, except that the slopes are much flatter for I&O costs (figure 10). The ratio of I&O costs to the overall revenue generation was found to be similar for both LFSGR and AC. It is possible that the revenue generation potential of LFSGR is much higher than that of AC because the Installation and Maintenance costs are much higher in LFSGR.
These results suggest that the previously held concept that the landfill systems would cost more than aerobic composting is weak. Thus, it is possible to opt for LFSGR AC provided the other conditions are in support of LFSGR. 
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Conclusions
The general multivariate functional model developed successfully predicted the most appropriate cost (MAC) for waste disposal. In the evaluation of the model and the interparametric linkages, it was found that those external costs and benefits that were considered gave some interesting results. The significant value of methane generation, proved that it is worth the initial investment in landfill. LFSGR, which is based on a natural process, but engineered to some extent, gave a better option for waste management when the waste generation rates are higher -in the range of 1,000 tons per day and above. When the organic content of MSW was higher, this also favoured LFSGR over AC. When waste generation rates were lower, AC was found to be performing better. When considered at their respective optimum waste generation rates (waste handling capacities), LFSGR was found cheaper than AC over the complete range of systemic parameters. The models that have been developed could predict the interlinkage between the system parameters. When waste handling capacity was optimized for the two methodologies, in the case of AC, the influence of other parameters, except rent on land, proved insignificant. In the case of LFSGR, organic content was also found to be significant, along with rent. LFSGR was found to be a suitable waste disposal method for mega cities whose population is above one million (because most of these mega cities produce waste at more than 1,000 tons per day). The models successfully predicted the behaviour and economic performance of the two potential waste management methodologies. Further, they can be applied to any particular geographical locality or city. It would be possible to identify appropriate methods of waste disposal for any town or city where waste management system exists.
Limitations of the model
The model demands a detailed data set, which may be difficult to obtain in cities where the waste management system is not very well established. Application of these models is therefore restricted to only those cities where there exists a formal waste management system. The model could be further improved by expanding it to incorporate other factors such as transportation, installation, and maintenance. 
